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(57) The present invention refers to a method (S) for
actively thermomechanically stabilizing an apparatus (1)
which in particular is or comprises an extraterrestrial or
space-related manufacturing, measurement and/or ex-
perimental unit, the method comprising steps of deter-
mining (S1) a current thermal state of the apparatus (1),
determining (S2) a current mechanical state of the ap-
paratus (1), comparing (S3) said current mechanical
state of the apparatus (1) with a predetermined mechan-
ical reference state of the apparatus (1), determining (S4)
one or a plurality of positions on said apparatus (1) and/or
amounts of heat to be added to or to be removed from
said apparatus (1) at said positions, and actively adding
and/or removing (S5) said determined amounts of heat
to or from the apparatus (1), respectively, at said deter-
mined positions. The step of determining (S4) said posi-
tions and/or amounts of heat is performed such that said
current mechanical state of the apparatus (1) remains in
or returns to a predetermined vicinity of said mechanical
reference state of the apparatus (1) and is based on a
result of said step of comparing (S3) and on a predeter-
mined thermomechanical coupling model of the appara-
tus (1) being descriptive for a coupling and/or a corre-
spondence between a mechanical state and a thermal
state of the apparatus (1).
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Description

[0001] The present invention refers to a method for thermomechanically stabilizing an apparatus, to a control unit for
a thermomechanical control system, to a thermomechanical control system, and to an apparatus and in particular to an
extraterrestrial or space-related manufacturing, measurement and/or experimental unit.
[0002] When using technical equipment, scientific instruments and/or other technical means in extraterrestrial and
space-related environment - for instance on a satellite platform - thermomechanical stabilization of the equipment is a
crucial aspect in order to guarantee a high degree of performance of the equipment’s desired functions.
[0003] Nowadays, a large effort has to be practiced in order to achieve a desired thermomechanical stabilization.
However, known attempts are majorly based on passive approaches, wherein e.g. the structure of the equipment is
enforced by using high performance materials having low coefficients of thermal expansion and/or efforts are taken in
order to thermally uncouple the equipment to be stabilized from other parts of a spacecraft or the like.
[0004] As such approaches are limited on a particular design and therefore need continuous calibration also in order
to deal with changing environmental conditions, it is an object underlying the present invention to present a method for
thermomechanically stabilizing an apparatus, a control unit for a thermomechanical control system, a thermomechanical
control system and an apparatus which are configured in order to allow a more flexible and reliable thermomechanical
stabilization without increasing the burden for its realization.
[0005] The object underlying the present invention is achieved by a method for thermomechanically stabilizing an
apparatus according to independent claim 1, by a control unit for a thermomechanical control system according to claim
11, by a thermomechanical control system according to claim 12 and by an apparatus and in particular by an extraterrestrial
or space -related manufacturing, measurement, and/or experimental unit according to claim 13. Preferred embodiments
are defined in the respective dependent claims.
[0006] According to a first aspect of the present invention a method for actively thermomechanically stabilizing an
apparatus is suggested, wherein the apparatus in particular is or comprises an extraterrestrial or space-related manu-
facturing, measurement and/or experimental unit.
[0007] According to the present invention the proposed method comprises steps of determining a current thermal state
of the apparatus, of determining a current mechanical state of the apparatus, of comparing said current mechanical state
of the apparatus with a predetermined mechanical reference state of the apparatus, of determining one or a plurality of
positions on said apparatus and/or amounts of heat to be added to or to be removed from said apparatus at said positions,
and actively adding and/or removing said determined amounts of heat to or from the apparatus, respectively, at said
determined positions. According to the present invention said step of determining said positions and/or amounts of heat
is performed such that said current mechanical state of the apparatus remains in or returns to a predetermined vicinity
of said mechanical reference state of the apparatus and said step is based on a result of said step of comparing and on
a predetermined thermomechanical coupling model of the apparatus which is descriptive for a coupling and/or a corre-
spondence between a mechanical state and a thermal state of the apparatus.
[0008] It is therefore a first key aspect of the present invention to actively react upon the thermal and mechanical state
of the underlying apparatus, namely by applying heat, either by adding or removing, in order to counteract an undesired
development in the apparatus in the sense of its thermal and/or mechanical properties.
[0009] In addition, locations where the heat is to be applied and/or the amounts of the heat to be applied are ruled on
the basis of a thermomechanical coupling model which is descriptive for the interconnection between mechanical prop-
erties and thermal properties of the apparatus.
[0010] Further on, based on the underlying model the locations and the amounts are determined in a manner such
that a desired mechanical state of the apparatus remains at or approaches a desired and predetermined mechanical
reference state.
[0011] The mechanical state of the apparatus may be defined by determining certain positions on the apparatus and
the geometrical interrelation. Accordingly, a vicinity of a given mechanical reference state may be defined by giving
certain reference positions and a maximum allowed distance of a corresponding position in a current mechanical state
of the apparatus, if applicable, also in connection with a relationship to other reference points of the apparatus regarding
the reference mechanical state and the current mechanical state thereof.
[0012] In general, a thermal state may be defined by different thermal properties of the underlying apparatus.
[0013] A comparable simple processing can be achieved when according to a preferred embodiment of the inventive
method for actively thermomechanical stabilizing and apparatus said step of determining said current thermal state
comprises a step of acquiring thermal data and in particular temperature data which are representative for said current
thermal state. In particular this may be done by using one or a plurality of temperature sensing means, temperature
sensors and/or infrared cameras or the like.
[0014] In general, the number and positions of the locations where the thermal data are required is arbitrary to some
extent.
[0015] However a particular high degree of reliability of the inventive method can be achieved when a number and/or
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positions of thermal or temperature data acquiring and/or sensing locations on the apparatus are determined from said
thermomechanical coupling model wherein in particular the evaluation of the underlying thermomechanical coupling
model is based thermal and/or temperature data which have already been acquired, for instance in preceding processing
steps.
[0016] A respective mechanical state of the underlying apparatus may be derived and described by a variety of
mechanical properties the values of which to be obtained from a kind of measuring process on the apparatus and/or
directly from an estimation based only on the thermomechanical model.
[0017] A particular simple and reliable embodiment of the inventive method for thermomechanical stabilizing an ap-
paratus is achieved if said step of determining said current mechanical state comprises a step of determining mechanical
data, wherein said mechanical data are representative for said current mechanical state and/or for positions and/or for
mechanical stress or strain of one or a plurality of portions of the apparatus.
[0018] A further simplification is achieved by just using an underlying FEM model. If the model is used it is not necessary
to perform any mechanical measurements. In other words, mechanical measurements are not necessary to implement
the invention but they can be used to minimize estimation errors in the model.
[0019] Again, the data on connection with the mechanical properties of the underlying apparatus may be provided by
different means.
[0020] On the one hand it is of course possible to determine a current mechanical state and its mechanical data based
on measurements using one or a plurality (i) of position and/or stress sensing means or sensors mechanically coupled
to the apparatus and/or (ii) imaging means and image evaluation remote from the apparatus.
[0021] On the other hand it is also required to determine a current mechanical state and its mechanical data based
on the thermomechanical coupling model already introduced. Again, the evaluation of the model may be based on
already acquired thermal, temperature and/or mechanical data. In particular, the acquisition and the usage mechanical
data by mechanical measurements can improve the estimation that is performed by the model.
[0022] Under such circumstances, a number and/or positions of mechanical data acquiring and/or sensing locations
on the apparatus may be determined from said thermomechanical coupling model, too, wherein the evaluation of the
model may again be based on already acquired thermal, temperature and/or mechanical data.
[0023] In said step of adding and/or removing said amounts of heat to or from the apparatus, respectively, at least
one heat source may thermally be coupled to a corresponding position at or on said apparatus and accordingly operated
in order to add and/or remove the corresponding amount of heat to/from said position at least by one of heat conduction
and heat radiation coupling.
[0024] This may be performed in comparable direct manner of influencing the thermal state of the underlying apparatus
in case that a direct mechanical and therefore thermal contact is established between a heat source and the body of
the underlying apparatus.
[0025] On the other hand, thermal coupling between the heat source and the apparatus may also be achieved by a
radiation coupling in order to avoid undesired influences of the apparatus by the heat source.
[0026] A further crucial point of the present invention is the selection, construction and application of the underlying
thermomechanical coupling model.
[0027] It is of particular advantage of the present invention according to a further alternative embodiment thereof if
said thermomechanical coupling model is configured in order to describe heat exchange within the apparatus and/or
between the apparatus and its environment at least through heat conduction and heat radiation and its temporal devel-
opment as a temporarily developing thermal state of the apparatus, in particular in order to solve the heat transfer
equation for the apparatus based on nodes for elements of a FEM model of the apparatus with the thus discretized heat
transfer equation being solved (i) in a vicinity of a thermal equilibrium state of the apparatus, (ii) for small thermal
perturbations and/or (iii) in linearized, diagonalized and Laplace transformed form in the frequency domain.
[0028] In order to better quantitatively evaluate the required properties based on said thermomechanical coupling
model a first thermal transfer function HTq between the temperature change δTi at an ith node and the heat flux change
δqk at a kth surface according to expression (A) 

and a second thermal transfer function HTQ between the temperature change δTi at an ith node and the heat flow change
δQk at a kth source according to expression (B) 
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are calculated and used.
[0029] In these expressions, the terms Ajk denote the values at cells j,k of a matrix [Φ]-1[Hq], the terms Bjk denote the
value at cells j,k of a matrix [Φ]-1[HQ], nn denotes the number of nodes of the underlying model, s is the Laplace frequency
variable.
[0030] The matrices [Φ]-1[Hq] and [Φ]-1[HQ] are formed by the diagonal Eigenvector matrix [Φ] in the discretized heat
transfer equation for the apparatus having components Φij in the cell denoted by i, j.
[0031] The matrices [Hq] and [HQ] are the matrices of coupling coefficients with respect to the heat flux changes δqk
and to the heat source changes δQk, respectively, in the discretized heat transfer equation for the apparatus.
[0032] The values λj are the diagonal components of the diagonal Eigenvalue matrix λ in the discretized heat transfer
equation for the apparatus.
[0033] Also in the case of providing and evaluating the mechanical properties of the underlying apparatus a variety of
approaches is possible in the context of the underlying thermomechanical coupling model.
[0034] Therefore, the thermomechanical coupling model may be configured in order to describe corresponding me-
chanical properties within the apparatus and in particular in terms of positions, displacements and/or mechanical strains
or stresses at distinct points and/or in distinct regions of the apparatus and its temporal development as a temporarily
developing mechanical state of the apparatus.
[0035] This may in particular be done in order to solve the mechanical equation of motion for the apparatus based on
nodes for elements of a FEM model of the apparatus with the thus discretized mechanical equation of motion being
solved in diagonalized and Laplace transformed form in the frequency domain.
[0036] Under such circumstances and based on said thermomechanical coupling model a first thermomechanical
transfer function Huq between the displacement change δui at an ith node and the heat flux change δql at a lth surface
according to expression (C) 

and a second thermomechanical transfer function HuQ between the displacement change δui at an ith node and the heat
flow change δQl at a lth source according to expression (D) 

may be calculated and used.
[0037] In addition to the definitions as given above, the terms Djk denote the values at cells j,k of a matrix [ψ]-1[FT][Φ],
the terms ξj denote the value at cells j,k of a matrix [Dd], the matrix [ψ]-1[FT] [Φ] is formed by the diagonal Eigenvector
matrix [ψ] of the discretized equation of motion of the apparatus having components ψij in the cell denoted by i, j, the
matrix [FT] is the matrix of coefficients expressing the relation between temperature and force in the discretized equation
of motion of the apparatus, the diagonal Eigenvector matrix [Φ] in the discretized heat transfer equation, the matrix [Dd]
is a diagonal matrix and describes the linear coupling to the Laplace frequency s in the Laplace transformed discretized
equation of motion of the apparatus, and γj are the diagonal components of the diagonal Eigenvalue matrix γ in the
discretized equation of motion for the apparatus.
[0038] In order to determine the position network of heat sources and/or sensors to be applied to an apparatus different
kinds of optimization strategies can be employed.
[0039] For instance, according to a preferred embodiment of the method for actively thermomechanically stabilizing
and apparatus, the number, the positions and/or the amounts of heat to be applied by a plurality of heat sources to be
coupled to an underlying apparatus may be determined by evaluating said first and second thermomechanical transfer
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functions, its normal or absolute value, within a closed feedback loop and/or under variation of the positions and/or the
amounts of heat to be applied.
[0040] According to a further aspect of the present invention a control unit for a thermomechanical control system is
provided which is configured (i) in order to actively thermomechanically control an apparatus, the latter in particular being
or comprising an extraterrestrial or space-related manufacturing, measurement and/or experimental unit, and (ii) in order
to carry out a method for actively thermomechanically stabilizing an apparatus according to the present invention.
[0041] According to still a further aspect of the present invention a thermomechanical control system is provided which
is configured in order to actively thermomechanically control an apparatus which in particular is or comprises an extra-
terrestrial or space-related manufacturing, measurement and/or experimental unit.
[0042] According to the present invention the proposed thermomechanical control system comprises one or a plurality
of heat sources or a coupling thereto, an energy supply unit, and a control unit which is configured according to the
present invention and/or in order to control the operation of the heat sources, of the energy supply unit and/or in order
to carry out and/or to be used in a method according for actively thermomechanically stabilizing an apparatus according
to the present invention.
[0043] An apparatus proposed according to the present invention is in particular formed as or comprises an extrater-
restrial or space-related manufacturing, measurement and/or experimental unit.
[0044] The apparatus therefore comprises a support, at least one device mechanically coupled to the support, and a
thermomechanical control system which is configured according to the present invention and/or in order to thermome-
chanically control the apparatus by performing a method for thermomechanically stabilizing the apparatus according to
the present invention.
[0045] These and further details, advantages and features of the present invention will be described based on em-
bodiments of the invention and by taking reference to the accompanying figures.

Figure 1 gives a schematic and perspective view of an apparatus according to the present invention;

Figure 2 is a schematic view of a FEM model for the embodiment of the apparatus according to the present
invention as shown in figure 1;

Figures 3 and 4 elucidate by means of a schematic the guilt top view and a schematic side view, respectively, the
linear dimensions of the embodiment shown in figures 1 and 2;

Figure 5 shows a graph representing a typical example of heat perturbations which can be expected in an
apparatus;

Figures 6 to 11 demonstrate by means of perspective side views and graphs the impact of heat perturbations and
the effect of countermeasures applied by means of the present invention;

Figures 12 to 14 demonstrate by means of graphs displacement fluctuations which can be expected when heat per-
turbations occur in the embodiment shown in figure 1 in different spatial directions as well as the
effect of the invention’s countermeasures;

Figure 15 demonstrates by means of a graph the effect of different heat sources as shown in the embodiment
of figure 1, and

Figure 16 elucidates by means of a flow chart and embodiment of the method according to the present invention.

[0046] In the following embodiments and the technical background of the present invention are presented in detail by
taking reference to accompanying figures 1 to 16. Identical or equivalent elements and elements which act identically
or equivalently are denoted with the same reference signs. Not in each case of their occurrence a detailed description
of the elements and components is repeated.
[0047] The depicted and described features and further properties of the invention’s embodiments can arbitrarily be
isolated and recombined without leaving the gist of the present invention.
[0048] Figure 1 gives a schematic and perspective view of an apparatus 1 according to the present invention. In the
sense of the present invention the apparatus 1 is also referred to as the underlying system or structure and these notions
are used as synonyms in the context of the present invention.
[0049] According to the embodiment shown in figure 1 the apparatus 1 comprises a support 50 which is also referred
to as a platform. The support 50 in this case is formed as a rectangular plate which extends in a plane parallel to the
XY plane of the underlying reference frame. The support 50 has a lower surface or side 52 onto which bipods 60 are
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attached. On the opposite side of the lower surface 52 the support 50 has an upper surface 51 onto which first to fourth
devices 10-1, ..., 10-4 are mounted.
[0050] During operation of the apparatus 1 all the components of the apparatus 1 - i.e. any of the devices 10-1, ...,
10-4, the support 50 and the bipods 60 - may receive and/or deliver heat from or to external sources and/or from and
to any other component of the apparatus 1.
[0051] Due to changing operation and/or environmental conditions the thermal impact on the entire apparatus 1 may
change thereby also changing the thermal state and - by thermomechanical coupling - also the mechanical state of the
apparatus. In other words the temperature distribution or field of the apparatus as well as positions and/or mechanical
strains of stresses in different regions of the apparatus may vary over time.
[0052] It is a major aspect of the present invention to provide operation conditions and/or means to control these
variations such that a current and actual mechanical state of the apparatus remains in the vicinity of a mechanical
reference state, e.g. such that positions of the apparatuses components do not vary too much compared to said me-
chanical reference state and within some predetermined subsidiary and boundary conditions.
[0053] In order to achieve this goal the apparatus 1 according to the embodiment shown in figure 1 is equipped with
a plurality of heat sources 20-1, ..., 20-3 connected to a power supply unit 25 and to a control unit 27 by means of control
and supply lines 26 and monitoring and control lines 29.
[0054] In the embodiment shown in figure 1 the heat sources 20-1, ..., 20-3, the power supply unit 25, which may also
be referred to as an energy supply unit, the control unit 27 and the lines 26 and 29 for controlling, supplying and/or
monitoring are formed as components of the apparatus 1.
[0055] However, this is not mandatory and all or a part of these components may alternatively be formed remotely
from the apparatus’ platform 50, bipods 60, and devices 10-1, ..., 10-4, instead.
[0056] This also applies to the provided sensing means 30, 31 and their monitoring and control lines 28 to the control
unit 27.
[0057] In addition, the number, orientation and position of the heat sources 20-1, ..., 20-4, of the sensors 30, 31, and/or
of all the lines 26, 28, 29 are not fixed to the properties shown in figure 1 but may be set according to a preliminary
design step which also may take into account aspects derived from the thermomechanical coupling model on which
embodiments of the present invention reside.
[0058] One further key aspect of the present invention focuses on the operation of the heat sources 20-1, ..., 20-4 -
for heating and/or for cooling - the apparatus 1 in order to return or maintain and current and actual mechanical state of
the apparatus 1 to or at/in a vicinity of the underlying mechanical reference state.
[0059] In order to achieve this goal a thermomechanical coupling model describing the relationship between a current
and actual thermal state of the apparatus 1 and a current and actual mechanical state of the apparatus 1 is formed and
used in order to derive the position and/or the amount of heat necessary to be intentionally applied to the apparatus 1
in order to compensate the external and/or internal thermal impact on the mechanical state of the apparatus 1, thereby
returning or maintaining the current or actual mechanical state of the apparatus 1 at or in a vicinity of the underlying
mechanical reference state.
[0060] An actual and current mechanical state of the apparatus 1 may be derived from alternative or combined sources,
namely from the underlying thermomechanical coupling model using the current thermal state only or alternatively or
additionally by introducing mechanical data in the sense of reference positions, reference lengths and/or orientations
obtained by position, length and/or orientation sensors 31.
[0061] The thermal state as such and its determination are based on thermal data which may be obtained by using a
plurality temperature sensors 30.
[0062] As indicated above, the sensors 30 and 31 may be attached to the apparatus 1 and its components or they
may be formed as remote sensors.
[0063] For instance, the thermal state may be derived from an infrared image using an infrared camera as a thermal
sensor 30. On the other hand the mechanical status might also be derived by using an imaging means as a mechanical
sensor 31 in connection with a certain degree of image processing for obtaining position, length and/or orientation data
in view of the apparatus 1.
[0064] Figure 2 is a schematic view of a FEM model 2 for the embodiment of the apparatus 1 according to the present
invention as shown in figure 1.
[0065] A key aspect of the FEM model 2 is to subdivide the entire structure of the apparatus 1 into a plurality of finite
elements of a given geometrical shape, for instance hexahedrons, 6 as elements 5 of the model 2. The edges of the
elements 5 formed as hexahedrons 6 join at nodes 7 which are also referred to as points of the FEM model 2.
[0066] The elements 5 and the nodes or points 7 of the FEM model 2 are then used as the basis for deriving and
applying the thermomechanical coupling model underlying the present invention which resides on the solution of the
coupled heat transfer equation and equation of motion discretized according to the underlying FEM model 2 and solved
in the frequency domain by accordingly applying Laplace transform.
[0067] Figures 3 and 4 elucidate by means of a schematic top view and a schematic side view, respectively, examples
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for the linear dimensions of the embodiment of the apparatus 1 shown in figures 1 and 2.
[0068] Figure 5 shows a graph representing a typical example of heat perturbations which can be expected in an
apparatus 1. In the graph of figure 5 the abscissa shows that time and the ordinate the change in produced heat. Thus,
the trace 115 in the graph of figure 5 shows the heat production and emission by an instrument 10-1 attached to the
platform 50 of an instrument 1 and thereby a combination of random and oscillating heat production over time.
[0069] Figures 6 to 11 demonstrate by means of perspective side views and graphs the impact of heat perturbations
and the effect of countermeasures applied by means of the present invention in an apparatus 1. In this embodiment the
apparatus comprises two devices 10-1 and 10-2 attached to the upper surface 51 of the platform 50 and a heat source
20-1 for intentionally applying or removing heat to or from the apparatus 1 and in order to keep the position of reference
point a within certain margins determined by the underlying mechanical reference state for the apparatus 1.
[0070] According to figures 6 and 7, the first instrument or device 10-1 due to its operation produces a heat input to
the entire apparatus 1. The heat input is described by the trace 121 of the graph of figure 7 and shows an oscillation as
far as the power as a function of time is considered.
[0071] As shown in connection with the graph of figure 9, the heat input by the first instrument 10-1 yields to a spatial
oscillation of the position a reference point a of the second instrument 10-2. The trace 122 of the graph of figure 9 shows
the temperature oscillation of the reference point a if the apparatus 1 is only passively stabilized in the conventional
manner. The trace 123 shows the temperature oscillation at the reference point a under active control of the structure
of the apparatus 1 according to the present invention.
[0072] The graph of figure 11 demonstrates the spatial oscillation of reference point a as a consequence of the thermal
oscillation shown in figure 9. It can be seen in trace 124 that without any countermeasure except for passive reinforcements
of the structure of the apparatus 1, a spatial oscillation of reference point a remains with an amplitude of several mi-
crometers, whereas according to trace 125 the active and intentional application of heat diminishes the spatial oscillations
of reference point a.
[0073] Figures 12 to 14 demonstrate by means of graphs displacement fluctuations which can be expected when heat
perturbations occur in the embodiment shown in figure 1 in different spatial directions in view of reference points B and
A situated on the first and second devices 10-1 and 10-2, respectively, as well as the effect of the invention’s counter-
measures.
[0074] Traces 101 in the graphs of figures 12 to 14 demonstrate the spatial fluctuations if no countermeasures are
taken. Traces 102 in these figures elucidate the spatial fluctuations in relation to reference points A and B if heat is
intentionally applied according to the gist underlying the present invention.
[0075] Figure 15 demonstrates by means of a graph the effect of the different heat sources 20-1, ..., 20-3 as shown
in the embodiment of figure 1.
[0076] Figure 16 elucidates by means of a flow chart and embodiment of the method S according to the present
invention.
[0077] In a preliminary phase P, from an analysis of the structure of the underlying apparatus 1 a thermomechanical
coupling model for the apparatus 1 and its FEM model 2 with the discretized heat transfer equation and equation of
motion Laplace transformed to the frequency domain is derived in step M.
[0078] In a further step R of preliminary phase P, a mechanical reference state for the apparatus 1 is provided together
with respective specifications how a current and actual mechanical state of the apparatus 1 in operation is allowed to
defer from the mechanical reference state. For instance, certain reference points at the apparatus 1 and its underlying
FEM model 2 may be determined together with intervals for the X, Y and Z directions which shall not be left during
operation of the apparatus 1 due to thermal fluctuations.
[0079] The main procedural aspects of the of the method S for actively thermomechanically stabilizing the apparatus
1 according to the present invention are given by means of steps S1 to S6.
[0080] In step S1 a current thermal state of the apparatus 1 is derived, for instance by obtaining in a sub-step S1-1
thermal data, for instance temperature data by using respective sensing means, for instance temperature sensors 30
attached to or remote from the underlying apparatus 1.
[0081] In a following step S2 a current mechanical state of the apparatus 1 is derived. This may be achieved by deriving
in step S2-1 mechanical data which are representative for the current mechanical state of the apparatus. The mechanical
data is derived from the underlying thermomechanical coupling model in step S2-1a, its accuracy can be subsequently
improved with measurements using positions and/or stress sensing means 31 in step S2-1b.
[0082] In the next step S3 it is checked whether or not the current mechanical state of the apparatus 1 is comparable
to the underlying mechanical reference state.
[0083] If the current mechanical state of the apparatus 1 is in compliance with the mechanical reference state no
intentional thermal management is necessary and the process returns from step S3 to step S1.
[0084] If however the current mechanical state of the apparatus 1 is not in compliance with the underlying mechanical
reference state thermomechanical stabilization of the apparatus 1 is required.
[0085] Under such circumstances, in step S4 one or a plurality of positions on the apparatus 1 and/or one or a plurality
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of amounts of heat to be added to or to be removed from the apparatus 1 at said positions are determined. Therefore,
the current mechanical state and the current thermal state are input to the underlying thermomechanical coupling model
and said positions and amounts of heat are according derived within the model.
[0086] In the next step S5 said determined amounts of heat are intentionally and actively added to and/or removed
from the apparatus 1 at said determined positions. By said intentional application of heat drifting of the current mechanical
state of the apparatus away from the mechanical reference state is reduced, stopped or even reversed and thus com-
pensated.
[0087] In the next step S6 it is checked whether or not to further operation of the thermomechanical stabilizing process
is requested and/or necessary.
[0088] These and further aspects of the present invention will also be described in detail in the following:

General aspects of the invention

[0089] The invention relates inter alia to a method for counteracting mechanical and/or dimensional distortions that
arise in precise space structures due to mechanical and thermal perturbations.
[0090] As technology advances, scientific instruments allow sensing the environment at unprecedented levels of
precision. Yet, the consequence of this development is that a quiet and noise-free environment has to be provided by
the satellite platform to enable the operation of such precise instrumentation. This presents a technical challenge because
the perturbations generated by the satellite itself can prevent the required quiet environment and dimensional stability
from being achieved. The invention presents an active control method based on the application of heat that can counteract
the effect of low-frequency perturbations in the platform where precise instrumentation is mounted.
[0091] This is achieved by measuring and actively modifying the thermal field of the structure so that the perturbing
dimensional distortions are balanced.
[0092] The current available solution to minimize the extent of low-frequency dimensional distortions onboard space-
craft is based on a passive approach.
[0093] The passive approach consists of designing a stable structure inside the spacecraft, often known as optical
bench, where precise instrumentation can be mounted. This structure is built with high performance materials that have
low coefficients of thermal expansion.
[0094] Moreover, it is to the greatest possible extent both thermally and mechanically decoupled from the main space-
craft structure.
[0095] This can be achieved with an isostatic mount. With this type of mount it is possible to reduce the transmission
of distortions between the main structure and the precise structure.
[0096] However, the complexity of this approach increases with the level of stability that is required.
[0097] Passive approaches also require frequent calibration measurements to ensure that the dimensional stability is
within acceptable limits. Therefore, when implementing this approach, it is also required to develop calibration procedures
that enable the estimation of introduced distortions due to perturbation sources.
[0098] Stabilization methods that rely on passive techniques have the disadvantage that their performance is inherently
limited by the material properties. This means that the level of stabilization that can be attained is always dependent on
the magnitude of the perturbation sources. The level of technical complexity that these methods require is proportional
to the level of stabilization that must be achieved and therefore they can become unfeasible when high dimensional
stability is required.
[0099] Moreover, this type of solutions has to be implemented together with an appropriate calibration process. This
means that it must be possible to estimate the dimensional distortion at one given moment and recalibrate possible
misalignment errors between instruments. Therefore, passive approaches also require sensor elements.
[0100] Passive approaches can be effective to neutralize the effect of external sources of distortions, i.e. perturbation
sources that are not directly mounted in the precise structure. However, this approach is not useful when the perturbation
sources are part of the precise structure, for instance, when these perturbations come from the instruments themselves.
Therefore, there are some physical limits to the level of dimensional stability that can be achieved with this approach.
[0101] In contrast thereto, the present invention allows a stabilization of misalignments and distance changes that
arise between equipment in space structures 1 due to changing mechanical and thermal perturbations. With the presented
method it is possible to counteract both the effect of external and internal perturbations. External perturbations are
considered to be those that have its origin outside of the precise structure. Internal perturbations are those appearing
in the stable platform itself, for instance, due to the dissipation of heat by the instruments 10-1, ..., 10-4 mounted in the
structure 1 for instance its platform 50.
[0102] The present invention introduces a process that significantly contributes to the improvement of the design of
future spacecraft which requires a certain thermo-mechanical stability.
[0103] The novel approach will entail a more flexible selection and operations of on-board equipment, for instance its
installed devices or instruments 10-1, ..., 10-4, because thermo-mechanical perturbations will no longer be a decisive
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selection criteria and impose less operational limitations.
[0104] The application of the method and simulation models will reduce the development and manufacturing efforts
required to construct a dimensionally highly stable platform. In particular, it supports a modularization and platform
concept because the active control allows to provide for each application of a module/platform 50 the suitable dimensional
stability without changing the basic design, but just adding more or less heaters for distortion control.
[0105] The presented method also facilitates the task of controlling the displacements in the structures 1 in opposition
of other proposed methods based on the application of forces in the structure. According to the present invention, the
structural control is achieved by intentionally applying heat. This can be implemented by installing heaters 20-1, ..., 20-3
in the structure 1 or in a non-intrusive way by using heat radiation sources. Therefore the efforts on redesigning the
structure to accommodate the control actuators are reduced.
[0106] The present invention yields an improvement with respect to the traditional passive approach for stabilizing
space structures 1 against thermo-mechanical distortions.
[0107] The theoretical basis for the idea inter alia resides on a frequency domain approach to the thermomechanical
problem. From the frequency perspective, it becomes possible to calculate the relation between dimensional distortions
at one point or node 7 of the underlying structure 1 and heat input at any other point of the structure 1. This knowledge
can be exploited in order to introduce controlled heat inputs to the structure that cancel the thermo-mechanical distortions
resulting from thermal perturbations induced by the spacecraft or the environment.
[0108] The thermo-mechanical problem is solved considering the heat exchange through conduction and radiation
between different parts of the structure. The obtained equations are linearized around an equilibrium state and solved
in the frequency domain.
[0109] After this step the displacement and heat transfer functions between different points or nodes 7 of the structure
1 can be calculated. With this information it is possible to control the displacement in the structure through applied heat
fluxes or radiation sources 20-1, ..., 20-3.
[0110] The structure must be equipped with a set of temperature sensors 30 in order to characterize its thermome-
chanical behavior.
[0111] Additionally, strain sensors or displacement sensors 30 can be installed in order to provide further and me-
chanical or displacement information.
[0112] From the temperature measurements it is possible to know how thermal waves propagate through the structure 1.
[0113] Heaters 20-1, ..., 20-3 must also be installed to act as sources of controlled thermal waves that when combined
with the underlying thermal field result in destructive interference in terms of displacement at some specific points or
nodes 7. For each heater 20-1, ..., 20-3 added, an additional degree of freedom in the displacement field can be controlled.
With this method specific points or nodes 7 of the structure 1 can be controlled with respect to the spacecraft reference
frame but it is also possible to control just the relative movement between different points or nodes 7.
[0114] This method also allows the control of the displacements in the structure 1 by applying heat through radiation
sources. This enables non-intrusive displacement control of the structure 1.
[0115] The presented invention has the potential of significantly improving the level of stability on-board spacecraft.
This would enable the realization of space missions with even more demanding stability requirements than current
missions. Moreover, the implementation of this active control system would reduce the efforts that are currently required
to develop high-performance passively stabilized structures.
[0116] In terms of the dimensional stability performance that can be achieved, this invention presents two advantages:

(A) The introduction of the active reduction of thermo-mechanical distortions will allow to implement instruments
10-1, ..., 10-4 with higher precision on spacecraft, which is currently not possible based on a purely passive approach.
(B) Even if instruments 10-1, ..., 10-4 do not require exceptionally high dimensional stability, the possibility of active
distortion reduction will reduce the complexity of the thermal and mechanical design of spacecraft and still allow
fulfilling the stability requirements.

[0117] In terms of the technical implementation of the invention in comparison to alternative methods there exist also
advantages:

The method S according to the present invention is configured in order to take into account the influence from
radiation exchange. This means that the distortions introduced by external heat radiation sources and from the
structure itself are taken into account. This enables the displacement control of the structure by heaters 20-1, ...,
20-3 mounted in the structure 1 as well as by radiation sources at some distance from the structure 1.

[0118] Another advantage of this approach is that the displacement field is calculated based on the temperature
information that is obtained from temperature sensors. By measuring the temperature at different points it is possible to
derive how the structure is thermally oscillating and from there calculate the necessary heat inputs to compensate
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distortions. Therefore, with this invention thermomechanical distortions can be compensated without using strain or
displacement sensors.
[0119] There exists the possibility of measuring the temperature field in the structure 1 using an external infrared
camera. Combining this knowledge with radiation sources to control the displacement it would be possible to apply the
invention with completely non-intrusive methods.
[0120] This invention also provides a high degree of flexibility. An additional heater 20-1, ..., 20-3 is required to control
an additional degree of freedom in the structure 1. Therefore, it is relatively straightforward to increase the control
capabilities by adding heaters 20-1, ..., 20-3 to the structure 1.
[0121] This method is based on the implementation of a control loop to counteract the effect of thermal fluctuations.
Therefore it is possible to counteract static and deterministic fluctuations, as well as random fluctuations. If the behavior
of the expected fluctuations is known and can be characterized, the calculation of the necessary heat input to counteract
it can be calculated directly using the transfer functions.
[0122] If the perturbations cannot be measured or have a random component, they can still be compensated thanks
to the closed-loop feedback.
[0123] The alternative to applying this invention up to this moment has been to develop a passively stable structure
1 that reaches the required dimensional stability. However, this option has inherent limitations and does not reach the
performance that can be achieved with the presented active control option. It is expected that the presented invention
could reach levels of stability that are unattainable at the moment.
[0124] Additionally, passively stable approaches become more complex for higher levels of required stability and
therefore become unfeasible at some point.
[0125] For some specific cases it would be possible to develop a structural control based on strain sensors and piezo
actuators. This option could be implemented to develop a local structure control at specific points in the structure 1. It
could be feasible for cases in which the behavior of the perturbations is partially known. However, in order to have a
global control of the structure it would be necessary to equip the structure with a distributed net of piezo actuators and
strain sensors to characterize the structure behavior.
[0126] The advantage of using the presented invention is that dimensional distortions are controlled using heaters
20-1, ..., 20-3 and therefore the displacement in one point or node 7 can be controlled with a heater 20-1, ..., 20-3 situated
at some distance from it. The heater does not have to be situated at the same point that must be controlled because
the heat is naturally transferred within the structure. Moreover, the displacement field can be derived from temperature
measurements and therefore strain sensors are not necessary.
[0127] The theoretical framework of the present invention is based on a frequency domain approach to the thermo-
mechanical problem.
[0128] The thermal equations that describe the heat transfer mechanisms within a given apparatus 1 and its structure
are considered. These include heat exchange through conduction and radiation.
[0129] In some embodiments convection is not considered because the apparatus 1 and its structure are assumed to
be in extraterrestrial space. However, convection can be included into the inventive method, too, in case that the method
shall to be applied for terrestrial or other planetary applications.
[0130] The underlying equations include a non-linear component due to the heat exchange through radiation.
[0131] In order to overcome the mathematical difficulties associated with this non-linear relation, the equations are
linearized around an equilibrium state that is assumed to be the average state of the structure. This step is sensible
because the invention is intended to counteract only small distortions in highly stable structures and therefore large
perturbations are not expected.
[0132] Following a similar process the equations relating displacements in the structure and thermal stresses are
formulated. The thermal stress can be directly calculated based on the thermal field in the structure.
[0133] These relations are linear and therefore no further linearization is needed.
[0134] A generic case is represented in figure 1. This represents a structure also referred to as a system 1 with a
stable platform 50 where the sensitive instruments 10-1, ..., 10-4 are mounted. It is important to notice that the instruments
10-1, ..., 10-4 may act also as perturbation sources due to the heat that they introduce to the structure and the radiation
heat they exchange.
[0135] Thus figure 1 gives a representation of a generic structure with perturbation sources formed by the instruments
10-1, ..., 10-4.
[0136] A key step according to an embodiment of the present invention consists in translating both the thermal and
mechanical equations into the frequency domain, in particular by means of a Laplace transform approach. This is in
opposition to the traditional approach which consists in solving the equation in the time domain. Once the equations are
obtained in the frequency domain, it is possible to calculate transfer functions relating displacement and temperature.
It is thus possible to directly calculate the displacement at any point or node 7 of the structure of the apparatus 1 given
a heat input at any other point or node 7 of the structure.
[0137] These transfer functions are calculated as a function of the frequency s. Therefore, if the frequency, magnitude
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and position of a thermal perturbation are known, it is possible to directly calculate its impact on the displacement field.
The transfer functions are also used to calculate the transfer gain between different points or nodes 7 of the structure
of the apparatus 1. This knowledge can be used to place the control heaters 20-1, ..., 20-3 at points of maximum gain,
which optimizes the required control power.
[0138] With this mathematical framework it is possible to develop a control loop that applies the required heat input
to cancel a particular displacement degree of freedom.
[0139] It is necessary to distribute a set of temperature sensors 30 in the structure underlying the system 1 in order
to characterize it by acquiring thermal data being representative for its thermal state. The stability that can be achieved
with this presented method is proportional to the number of temperature sensors 30 because this improves the accuracy
of the thermal state estimation. In conjunction with temperature sensors 30, it is also possible to install strain, stress
and/or displacement sensors 31 in order to provide mechanical data as additional information.
[0140] In order to apply the method according to the present invention it is then necessary to clearly define which
degrees of freedom must be stabilized. This is expressed in terms of dimensional displacement in one given three-spatial
direction at one specific point or node 7 of the underlying system 1. For each additional degree of freedom that must be
stabilized, an additional heater 20-1, ..., 20-3 must be included in the structure 1. The convenient positions for the heaters
20-1, ..., 20-3 can be identified based on the transfer functions calculated as outlined previously. A generic structure
with the controllable heat sources is shown in figure 1, too.
[0141] Once the structure is equipped with sensors 30 to measure its thermal field and with heaters to modify it, it is
possible to implement a control loop that applies the necessary heat inputs to control the displacement field. Using a
proportional control based on the temperature measurements is enough to significantly improve the stability that could
be achieved with passive methods alone.
[0142] For the specific cases in which the perturbation can be characterized, for instance an external perturbation due
to some known environmental condition, it is possible to directly calculate the necessary heat input required to counteract
it. For these specific cases it would not be necessary to apply the control loop and therefore the sensors 30 would also
not be required. However, a thorough characterization of the structure 1 should be conducted to achieve high stability
performance.
[0143] With this method it is also possible to calculate the necessary constant heat input that is required to compensate
static distortions. However, there exists a limitation on the maximum static displacement that can be compensated with
a heat source which depends on the maximum temperature change that is acceptable. In case these static distortions
do not have a thermal origin, it will be required to equip the structure with strain or displacement sensors in order to
measure them and enable its cancellation.
[0144] Following the same procedure that has been previously explained it is possible to calculate transfer functions
between an external radiation source and the displacement in the structure 1. If this external radiation source is designed
to be a controllable heater 20-1, ..., 20-3 it becomes possible to apply the control loop with non-intrusive methods. The
control heat is then introduced to the structure by radiation and therefore no contact between heaters and structure is
necessary.
[0145] Additionally, it is also suggested that an infrared camera could be used as a measuring means in order to
measure the thermal field in the structure 1. Under such circumstances according to the present invention a fully non-
intrusive structural control technique could be applied.
[0146] To exemplify the outlined procedure a comparison between a passively stabilized case and an actively stabilized
case is presented in figures 6 to 11. Each of the pairs of figures 6, 7; 8, 9; and 10, 11 shows two instruments 10-1, 10-2
mounted on an upper surface 51 of an underlying platform 50 and a controlled heat source located 20-1 in the region
between the instruments 10-1, 10-2. When instrument 10-1 introduces a thermal perturbation in the structure 1, a
displacement in instrument 10-2 is induced. This displacement may have an amplitude of approximately 5 mm. This
situation is shown in the pair of figures 8 and 9, together. When a heat control signal is introduced by the control source
20-1, the displacement in the reference point of instrument 10-2 is reduced by a factor of 200 as can be seen in the
situation shown in figures 10 and 11 and in particular in the graph of figure 11.
[0147] The displacement at point a is controlled in an inertial reference frame using one controlled heat input by
operating the control heat source 20-1, within a feedback control loop.

Concrete Example

[0148] A simulation framework has been developed in order to prove the feasibility of the presented invention. A
baseline concept is presented here with the corresponding simulation results to exemplify how such a control method
would work in reality.
[0149] The presented structure 1 - also referred to as a system in the sense of the present invention - consists of a
plate or platform 50 supported by three bipods 60 where four instruments 10-1, ..., 10-4 are mounted on its upper surface
51 with bipods 60 located on the lower surface thereof.
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[0150] The bipods 60 may be made of titanium and both the structural plate or platform 50 and the instruments 10-1, ...,
10-4 can be assumed to be made of aluminum. The structure 1 is considered to be in vacuum and, therefore, the only
heat exchange is through conduction within the structure and through radiation between the different surfaces and the
environment.
[0151] A representation of this structure is included in figure 1 which shows the structural concept considered in the
presented simulation.
[0152] It is assumed that a random thermal perturbation is introduced to the structure by instrument 10-1. This random
perturbation is generated by superimposing several periodic signals with random amplitude at random frequencies. One
possible sample of the heat introduced by Instrument 10-1 over a period of approximately one day is presented in the
graph of figure 5, where the produced heat is shown at the ordinate and as a function of time given at the abscissa.
[0153] Thus the graph of figure 5 demonstrates a random thermal perturbation introduced by a first instrument or
device 10-1 mounted on a common platform 50.
[0154] Due to this perturbation heat applied to the structure 1, dimensional distortions and misalignments arise between
the provided four instruments 10-1, ..., 10-4.
[0155] The goal of the structural control method according to the present invention in this example is to stabilize the
distance between instrument 10-1 and instrument 10-2.
[0156] A reference point is defined for each of these instruments, which in figure 1 have been represented by point A
and point B.
[0157] Figures 3 and 4 indicate examples of possible main dimensions of the structural concept.
[0158] The distance between reference points A and B needs to be controlled in the three spatial directions, which
means that three degrees-of-freedom of the structure 1 need to be controlled. As a result, it is required to equip the
structure with three heat control sources 20-1, 20-2, and 20-3 that will introduce the required heat inputs in order to
stabilize the distance A-B.
[0159] A critical step in implementing a feedback loop to stabilize the distance A-B is to have an accurate estimation
of the distortion field in the structure 1. This could be derived from an accurate thermomechanical model of the structure
1 if the perturbations were known. In the general case, the perturbations will be random and, therefore, it is necessary
to equip the structure of the apparatus 1 with sensors 30, 31 from which the distortion field can be estimated. It also
critical to perform this estimation with a reasonable amount of sensors 30, 31 and avoiding a large quantity of sensors
30, 31, which would be unrealistic in practice.
[0160] The frequency domain approach to the thermomechanical problem in which this invention is based, enables
the identification and reconstruction of the thermal field in the whole structure 1 based on a very limited amount of sensor
measurements.
[0161] Based on the thermal field measurement, the distortion field is then estimated using the thermomechanical
model of the structure. In the example presented here, the distortion field estimation is performed based on the meas-
urements of only 20 temperature sensors 30 that are distributed on the surface of the structural plate 50.
[0162] It is also important to take into account that in reality temperature sensors 30 are limited in their performance.
The accuracy of their measurements is limited and this introduces uncertainty in the distortion field estimation. The
example presented here assumes that the temperature measurements have an error of 6 0,1 K, expressed as a 1o value.
[0163] After estimating the distortion field in real-time it is possible to derive the heat inputs that minimize the distortion
expressed in terms of the distance change between points A and B. It is also important to take into account that the heat
introduced by the control heat sources 20-1, ..., 20-3 is also not exactly the commanded heat that is calculated by the
feedback loop. This is taken into account in this simulation by a random scale factor that is different for each heat control
source 20-1, ..., 20-3 and that amplifies or minimizes its effect.
[0164] These uncertainty effects are considered in the simulation to calculate and apply the heat control inputs. The
obtained performance is presented in figures 12, 13, and 14 which show the distance change that arises in the structure
1 shown in figures 1 to 4 between points A and B in the X, Y and Z direction, respectively. The introduced distortion that
would arise under no control is represented by the respective first traces 101, whereas the stable response that is
achieved with the presented invention is represented by the respective second traces 102 in the graphs of figures 12,
13, and 14.
[0165] These results exemplify that with the present invention it is possible to achieve structural stability below mi-
crometer levels. In this case, the best performance can be achieved in the Y-direction, which is also the direction at
which the largest distortions would arise, reaching almost 3 mm. A high level of stability is also achieved in the X and Z
directions, however, the distortions under no control are smaller in these directions and, therefore, the difference between
the controlled and the uncontrolled case is also smaller. There is a threshold below which it is not possible to compensate
the distortion and it directly depends on the noise or uncertainty introduced by the temperature sensors. This can be
clearly seen in figure 3 and 4 in connection with figure 13. In case more accurate temperature sensors 30 are developed
in the future, it will be possible to apply exactly the same process presented here to achieve higher levels of stability.
[0166] The heat input that is commanded at each heat source 20-1, ..., 20-3 with respect to its corresponding equilibrium
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state is depicted by the traces 111, 112, 113, respectively, of the graph as shown in figure 15.
[0167] Given their location, heat source 20-2 (see trace 112 in the graph of figure 15) and heat source 20-3 (see trace
113 in the graph of figure 15) require a similar behavior, whereas heat source 20-1 (see trace 111 in the graph of figure
15), which is situated between both instruments 10-1 and 10-2, follows the opposite behavior.
[0168] This response is based on the generic structural concept presented on this example and, therefore, it is de-
pendent on the location of the heat control sources. Based on the frequency-domain approach on which this invention
is based, an optimization procedure in terms of the heat source location can be implemented to minimize control power
or to maximize the stability performance.

Modelling

[0169] In the following, the modeling aspects and its mathematical and algorithmic background are elucidated.

A 1st part (I) presents the mathematical process to develop a thermomechanical model. This is necessary in order
to characterize and to predict the thermal and mechanical behavior of the structure that will be controlled.

A 2nd part (II) presents the derivation of the control laws to calculate the heat control input that is required to
compensate structural distortions.

A 3rd third part (III) provides a link between these two aspects and shows how to derive a realistic sensor and
actuator strategy that can be implemented to build the invention.

(I) Derivation of the thermomechanical model

[0170] A thermomechanical model is required in order to calculate the mechanical response of the structure expressed
in terms of displacements given some heat input.
[0171] This heat input includes:

- random heat perturbations applied to the underlying structure and

- control heat inputs that are intentionally introduced in order to control the displacement field.

[0172] The thermomechanical model is a combination of two models, namely a thermal model and the mechanical
model.
[0173] The thermal model describes the temperature field - i.e. the temperature distribution - that arises under some
heat input.
[0174] The mechanical model describes the displacement field - i.e. the distribution of mechanical displacements -
resulting from the underlying temperature field.
[0175] Several numerical methods are known which are configured in order to derive thermal and mechanical models
of structures. According to the present invention and in order to simplify the interface between the thermal and the
mechanical model it has been decided to use in both cases the finite element method, in the following denoted by FEM,
which is a well-established technique, particularly in the field of structural dynamics.
[0176] The idea behind the FEM is to divide the domain of analysis into several finite elements 5. In this case, the
whole domain is divided e.g. into hexahedrons 6 is elements 5 as shown in figure 2 modeling in a discrete manner the
system 1 shown in figure 1 by means of a FEM model 2.
[0177] There is one node 7 at each corner of each hexahedron 6. In the thermal problem each of these nodes 7 has
one thermal degree of freedom, namely its temperature, and in the mechanical problem three mechanical degrees of
freedom, namely its displacement in each spatial direction X, Y, and Z.
[0178] The FEM 2 is aimed and based on solving the thermal and/or mechanical equations only at each node 7. Then,
the solution is approximated at the remaining parts of the domain by using assumed shape functions.
[0179] Thus in figure 2 the model or FEM 2 gives a meshed domain description of the system 1 by using hexahedral
finite elements 5, i.e. hexahedrons 6, which form a cover with accordingly situated and located nodes 7.

I.1 Thermal model

[0180] Firstly, the thermal model will be elucidated.
[0181] The thermal problem basically solves the partial differential equation given by equation (1) and describing the
heat transfer in a spatial region: 
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[0182] The expressions ρ and cp describe the density of the underlying material and the materials heat capacity,
respectively. The three terms qx, qy, and qz represent the heat flux in each spatial direction X, Y, and Z. The expression
Q denotes the volumetric heat generation.
[0183] By introducing Fourier’s law by means of the relation (2) 

where k denotes the thermal conductivity, equation (1) can also be written as given in the following relation (3) 

[0184] Instead of solving the full thermal field at all points of the system 1 shown in figure 1, i.e. instead of determining
the continuous field T(x, y, z), the FEM 2 is used and the inventive method is configured to calculate the temperature T
at the discrete n nodes 7 formed by the hexahedrons 6 in the mesh of the FEM 2 as shown in figure 2. Thus, the solution
can be expressed as a vector {T} of discrete nature and finite dimension given by the expression (4): 

[0185] Applying Galerkin’s method of FEM, equation (3) can be written in matrix form as shown by the expression (5): 

[0186] In expression (5) the term [C] denotes the heat capacity matrix, [K] is the heat conductivity matrix, [Rq] denotes
the heat flux matrix. The vector {q} multiplied to the heat flux matrix [Rq] contains the applied heat fluxes in the structure
of the system 1. The term [RQ] is the heat source matrix to which the heat source vector {Q}. The term [Rr]{T}4 considers
the radiation heat exchange between the surfaces in the structure of the system 1 depending on the temperature T. The
term [Rr,e]{Te}4 takes into account the radiation heat exchange with the environment which depends on the environmental
temperature Te.
[0187] The present invention aims to control small distortions in structures like the system 1 shown in figure 1 that are
already designed to be stable. Therefore, it is sensible to assume that only low-magnitude perturbations will be acting
on the structure of the system 1. Based on this assumption, it is possible to linearize equation (5) around its equilibrium
state using the approximations as given by the expressions (6) to (8): 

[0188] Introducing the expressions (6) to (8) into equation (5) yields equation (9): 
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[0189] After grouping the terms having the factor {δT} and pre-multiplying by [C]-1, the previous expression (9) can be
written as shown in equation (10): 

[0190] This expression gives the relation between the temperature changes δT in the FEM 2 of the structure for the
system 1 and the possible heat changes applied to the structure, either in terms of heat flux δq or heat source power δQ.
[0191] The transfer functions between these variables can be calculated by diagonalizing equation (10) and transfor-
mation into the frequency domain by means of applying Laplace transform to the respective diagonalized terms. This
procedure enables the calculation of the temperature change δT at any point or node 7 of the FEM 2 of the structure for
the system 1 given the heat input δq, δQ at any other point or node 7.
[0192] First, the Eigenvectors and Eigenvalues of matrix [HT] are calculated thereby obtaining [Φ] the Eigenvector
matrix and [λ] the Eigenvalue diagonal matrix.
[0193] A modal coordinate transformation is now introduced in order to diagonalize equation (10). This transformation
from physical coordinates of temperature {δT} to modal coordinates {τ} is implemented by using expression (11): 

[0194] Introducing this coordinate transformation of expression (11) into equation (10) yields the following equation (12): 

[0195] Pre-multiplying equation (12) by [Φ]-1 gives the following equation (13): 

[0196] It is important to notice that the following expressions 

and 

are fulfilled which are both diagonal. Therefore, equation (13) can be rewritten in the form of equation (16) as follows: 

[0197] By taking the Laplace transform of the dependent variables, it is possible to express this relation (16) in the
frequency domain and to calculate transfer functions between the modal coordinates {τ} and the heat inputs {δq}, {δQ}.
The applied Laplace transforms are defined according to the following expressions (17) to (20): 
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[0198] The term s = jω is the complex frequency parameter. Introducing these relations into equation (16) yields the
expression (21): 

[0199] The expression (21) can be written in the following form according to equation (22): 

[0200] This equation expresses the changes {δT} in temperature represented by the modal coordinates {τ} in terms
of a linear relation with the heat input, i.e. heat fluxes {δq} and volumetric heat sources {δQ}.
[0201] The inverse matrix at the right-hand side of equation (22) can directly be calculated by taking into account that
both [I] and [λ] are diagonal matrices. The temperature values {δT} can be calculated from the modal coordinates {τ} in
equation (22) using the transformation expressed in equation (11).
[0202] Therefore, the transfer function HTq between the temperature change δTi at an ith node 7 and the heat flux
change δqk at a kth surface 5, 6 can be calculated according to expression (23): 

[0203] The terms Ajk denote the values at cells j, k of the matrix [Φ]-1[Hq] and nn is the number of nodes.
[0204] Equivalently, the transfer function HTQ between the temperature change δTi at an ith node 7 and the heat flow
change δQk at a kth source 5, 6 can be calculated according to expression (24):

[0205] The terms Bjk denote the value at cells j,k of the matrix [Φ]-1[HQ].
[0206] The transfer functions HTq and HTQ according to expressions (23) and (24) can be evaluated at a given frequency
s in order to calculate the relation between the temperature change and the heat input change. These transfer functions
can be calculated between any combination of nodes 7 in the structure of the system 1.
[0207] Hence, the thermal change at any node 7 in the structure of the system 1 triggered by some heat input at any
other node 7 can be calculated.
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I.2 Mechanical model

[0208] Secondly, the mechanical model will be elucidated.
[0209] The mechanical model solves the equations of motion expressed for all the nodes 7 in the mesh of the underlying
model 2.
[0210] Considering a model 2 with a single degree of freedom, the equation of motion can be expressed according to
expression (25): 

[0211] The term m denotes the mass of the body, c represents the damping coefficient, k represents the stiffness in
the system 1 and f(t) represents the applied mechanical load. The variables u,u,ü represent displacement, velocity and
acceleration, respectively.
[0212] When the FEM 2 is applied for a multi-degree of freedom system, the equations of motion can be expressed
in matrix form, resulting in equation (26): 

with [M] being the mass matrix, [C] denoting the damping matrix, [K] referring to the stiffness matrix and {F(t)} describing
the mechanical load vector.
[0213] In this case, it is assumed that the only mechanical load is the result of the internal thermal strain εt, which is
defined at each finite element 5, 6 as a function of the coefficient α of thermal expansion of the involved materials and
the temperature according to relation (27): 

 By taking into account the mechanical properties of the materials, including the Young’s modulus E and the Poisson’s
ratio v, it is possible to calculate the mechanical force resulting from this thermal strain. This relation can be calculated
for all the elements 5, 6 in the mesh using the FEM 2 to finally express the applied mechanical load {F(t)} as shown
according to expression (28): 

[0214] The term [FT] expresses the direct relation between temperature {T} and force {F(t)}.
[0215] Considering only the changes with respect to an equilibrium state, it is possible to rewrite equation (26) as
shown by expression (29): 

[0216] Following the equivalent procedure that has been presented for the thermal model, it is possible to diagonalize
equation (26) and to transform it to the frequency domain in order to obtain the respective transfer functions HuT, Huq,
and HuQ.
[0217] First, the Eigenvectors and Eigenvalues of matrix [K] are calculated, thereby yielding [ψ] the Eigenvector matrix
and [γ] the Eigenvalue diagonal matrix.
[0218] In addition, the following coordinate transformation according to expression (30) is introduced: 

[0219] Substituting equation (30) into (29), pre-multiplying by [ψ]-1, and applying the Laplace transform, the following
equation (31) is obtained: 

·
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[0220] The terms [Md], [Cd] and [Kd] are diagonal matrices.
[0221] Based on equation (31), it is possible to express the displacement changes {δu} as a function of the temperature
changes {δT} as is shown by the transfer function HuT according to expression (32): 

[0222] The upper boundary of the summation is 3nn because in the mechanical case there are 3 degrees of freedom
at each node 7. The terms Cjk represent the cell values of the matrix [ψ]-1 [FT] and cj denote the values at the diagonal
of matrix [Cd].
[0223] Expression (32) can be combined with expressions (23) and (24) in order to obtain the thermomechanical
transfer functions Huq and HuQ which directly relates displacements and applied heat.
[0224] These expressions are given by expressions (33) and (34): 

[0225] The terms Djk denote the values at cells j,k of a matrix [ψ]-1[FT][Φ]. These transfer functions Huq and HuQ can
be evaluated at a given frequency s to quickly calculate the displacement introduced in the structure by a given heat
perturbation. The heat perturbation can be expressed in terms of an applied heat flux or an internal heat source.

(II) Calculation of control inputs for distortion control

[0226] Based on the thermomechanical model as presented in section (I) above, it is clear that the system describes
a multiple-input multiple-output (MIMO) problem.
[0227] The multiple inputs correspond to the heat perturbations and the heat applied at different heaters mounted in
the structure of the underlying system 1, whereas the outputs are the displacements at several points or nodes 7.
[0228] One of the controllers that can be used in order to provide a solution to MIMO problems is the Linear Quadratic
Regulator (LQR).
[0229] The LQR is advantageous over other options such as variations of a PID controller because it provides a
systematic mathematical procedure to calculate control gains in order to optimize a cost function.
[0230] The control framework that may be used in connection with the present invention is based on controlling
displacements by changing the temperatures in the structure of the underlying system 1.
[0231] Another way to understand this process is to say that the temperatures are controlled such that the displacements
at some particular points are canceled.
[0232] Therefore, the system 1 that is controlled is ultimately the one described by the thermal model in equation (10),
which can be written as according to expression (35): 
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[0233] Considering that {δq} includes control heat and perturbation heat, it is also possible to write the equation (35)
according to the following expression (36): 

[0234] The LQR is based on the calculation of the control input using a proportional gain according to the expression
(37): 

[0235] The proportional gain [KLQR] is calculated by minimizing the quadratic cost function which is defined according
to the expression (38): 

[0236] The terms [Q] and [R] denote two matrices that introduce weight factors to the values in {δT} and {δqc}. The
matrix [R] can be assumed to be a multiple of the identity matrix if the same weight is assigned to all the heaters (actuators)
in the system 1. The matrix [Q] must take into account that the temperatures at different nodes 7 must have different
relative weights so that the global distribution of temperatures cancels the displacement at some points.
[0237] In order to build the matrix [Q], it is necessary to know the relation between displacement and temperature.
This relation is expressed by equation (29) of the mechanical or FEM model 2.
[0238] At this point, the following mathematical process is simplified by assuming that the relation between displacement
and temperature is quasi-static.
[0239] This assumption is justified by the fact that thermal perturbations take place at much lower frequencies to those
at which inertia and damping terms influence the displacement. This means that the inertia and damping terms of equation
(29) are assumed to have a negligible contribution, and thus, the equation can be rewritten according to expression (39): 

 or equivalently according to expression (40): 

[0240] The matrix [Q] can now be calculated from the relations contained in the matrix [ ].

[0241] If, for instance, only the displacement at a kth node 7 needs to be controlled, then the matrix row [ ]
corresponding to the displacement δuk can be used to calculate the weight factor matrix [Q] according to expression (41) 

[0242] Additional rows of the matrix [ ] can be considered to control the displacement at several nodes 7.
[0243] Once the matrices [R] and [Q] have been defined, the proportional gain is calculated based on the LQR method
according to expression (42): 
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[0244] The term [P] denotes a matrix configured to minimize the cost function defined according to equation (38) and
can be calculated by solving the following Ricatti equation (43): 

[0245] Based on this approach, the closed-loop dynamics are finally expressed as shown expression (44): 

[0246] This control loop works under ideal conditions. Thus, it is assumed that the temperatures are known at all times
for all the nodes 7 in the model 2 and that the sensors and actuators have an ideal behavior. However, this will never
be the case in reality because the number of available sensors is significantly lower than the number of nodes in the
model. Additionally, there is some uncertainty in the behavior of both sensors and actuators. Therefore, it is necessary
to develop a sensor and actuator strategy in order to enable the implementation of the presented control loop.

(III) Sensor and actuator strategy

[0247] This section outlines the main mathematical aspects behind the modeling of the sensor and actuator strategies
in order to prove the feasibility of the invention’s concept.

III.1 Sensor strategy

[0248] As it has been shown in section II, the main limitation of the presented control framework is that it requires the
knowledge of the temperatures at all the nodes 7 in the model 2. It is unfeasible to equip the structure of the underlying
system 1 with such a large number of sensors and, therefore, a mathematical strategy is proposed to partially overcome
this limitation.
[0249] The temperature field at the entire structure of the underlying system 1 can be estimated from a limited amount
of sensor measurements by combining a process of modal expansion with a Kalman filter.
[0250] The thermal model and thermal transfer functions presented in section 1.1 have been derived based on a modal
representation of the thermal problem. This is expressed e.g. by a relation (45) between temperature coordinates δT
and modal coordinates τ

[0251] Each column in the matrix [Φ] can be understood as a vector representing a modal shape. This is basically a
fundamental shape in which the thermal fluctuations are transferred within the structure of the underlying system 1.
[0252] Based on this equation, the temperature response {δT} is expressed as a linear combination of the modal
shapes, i.e., the columns in the matrix [Φ].
[0253] An important characteristic of this representation is that the thermal response is frequently dominated by a few
number of modes. In other words, most of the weight of the response is distributed among only a few modes, the rest
of the modes only have individually a very small contribution to the response.
[0254] Thus, equation (45) can be rewritten, at the expense of introducing a small error, considering only a smaller
set of the columns in matrix [Φ], namely according to the expression (46): 

[0255] In order to identify which columns of the matrix [Φ] should be considered in order to build matrix [Φr] it is
necessary to take into account the location of the expected perturbations. Perturbations arising at different points in the
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structure underlying the structure 1 excite different thermal modes.
[0256] By knowing the location of the main perturbation sources, even if their particular behavior is unknown, it is
possible to know which thermal modes describe the thermal response and, therefore, the matrix [Φ] can be reduced.
Once the matrix [Φ] has been reduced, the vector {τ} of modal coordinates must also be reduced accordingly.
[0257] By mounting temperature sensors 20-1, ..., 20-3 in the structure underlying the system 1, it is possible to
measure some of the temperature values in the vector {δT}. This set of measurements shall be represented by the term
{δTsensors}.
[0258] Considering only the rows of matrix {Φr} corresponding to the sensor positions, it is possible to write an ap-
proximate expression (47) for the measurements {δTsensors}: 

[0259] By combining equation (47) with equation (46), the temperature vector {δT} can approximatively be expressed
according to equation (48): 

[0260] With this procedure it is possible to obtain a reasonable estimation of the entire temperature field, based on
the assumption that it is described by only the most relevant thermal modes. The contribution of the remaining modes
is neglected and, therefore, an error is introduced. This error will be worsened in reality due to sensor inaccuracies and
noise.
[0261] Thus, a standard Kalman filter may be implemented in combination with the presented modal expansion method.
[0262] The Kalman filter takes into account repeated measurements obtained over time by the sensors and combines
them with the expected values estimated from the mathematical model, in order to minimize the temperature estimation
error.
[0263] The thermal equation (36) can be written in discrete form as 

[0264] But it can generally not be evaluated because the term δqpert is unknown. The Kalman filter provides an
estimation of the temperature vector {δT}n at some time step by combining the estimation {δT}n-1 at the previous time
step with the sensor measurements and with the temperature value estimated by the thermal model. It performs this
estimation in a two-step process according to expression (50) and (51). A first estimation is obtained using the known
variables in equation (49)

[0265] And it is subsequently corrected using equation (51) 

[0266] The term [M] denotes the estimation gain and it is calculated according to the Kalman filter theory and as a
function of the expected noise in the sensors 30 and the expected level of perturbations.
[0267] As it has been presented, only some cells in the vector {δT} are measured by sensors 30. Therefore, the Kalman
filter is modified with the previously presented modal expansion indicated by equation (48) which results in expression (52): 

^ ^
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[0268] This is the final expression that is used in order to estimate the temperature field at each time step and to
calculate the required heat inputs for the control as outlined in section (II).

III.2 Actuator strategy

[0269] One of the most relevant aspects related to the actuator strategy is to choose their location. There exists some
inherent constraints regarding their location due to the structural design. From the available positions where the actuators
can be mounted, it is possible to perform an optimization, for instance, in terms of the required heat power for control.
This can be performed based on the thermomechanical functions according to expressions (33) and (34). The gain G
of these functions can be evaluated at different frequencies by calculating the norm of the transfer function, namely
according to the following expressions (53) and (54), namely 

and depending on the case.
[0270] Based on these gain functions it is possible to identify which locations require less heat power to influence the
displacement at some specific node 7.
[0271] A similar procedure can also be implemented to optimize in terms of the overall distortion that is introduced in
the structure to achieve displacement control at one point or node 7.
[0272] These results are only valid at specific frequencies and, therefore, some information on the perturbation fre-
quency is needed to apply them reliably.

(IV) Additional aspects of sensor and actuator strategy

[0273] As elucidated in detail above, one of the key aspects of the present invention is to develop a sensor strategy
that enables the estimation of the thermal field based on a limited number of measurements. This, in turn allows the
estimation of the mechanical state and the calculation of the necessary heat inputs to correct the present distortions.
[0274] Apart from the calculation of the global thermal field, the presented procedure allows also the identification of
optimal positions where the sensors should be mounted in order to minimize estimation errors.
[0275] In order to complete a control loop it is also necessary to implement an actuator strategy. This includes a
procedure for identifying suitable or best positions where the actuators should be located in order to minimize a given
variable such as the control power or the global distortion.

IV.1 Sensor strategy and location

[0276] The main limitation of the presented control framework may be based on a linear quadratic regulator (LQR)
and may require the knowledge of the temperatures at all the nodes in the model. It is unfeasible to equip the structure
with such a large number of sensors without affecting its mechanical integrity.
[0277] Thus and according to a further aspect of the present invention, a strategy is proposed to partially overcome
this limitation.
[0278] The temperature field at the entire structure can be estimated from a limited amount of sensor measurements
by making use of the modal representation of the thermal problem that has been presented to derive the thermal transfer
functions. The modal representation expresses the thermal field in the structure using the modal coordinates given by
the expression (55) 

[0279] Each column in the matrix [ϕ] can be understood as a vector representing a modal shape. Each cell in one of
these vectors corresponds to the normalized magnitude of the thermal fluctuation at each node in the model. Each
thermal mode is basically a fundamental shape in which the thermal fluctuations are transferred within the structure.
Based on this equation, the temperature response {δT} is expressed as a linear combination of the modal shapes, i.e.,
the columns in the matrix [ϕ].
[0280] An important characteristic of this representation is that the thermal response is frequently dominated by a few
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number of modes. In other words, most of the weight of the response is distributed among only a few modes, the rest
of the modes only have individually a very small contribution to the response. Thus, equation (55) can be rewritten, at
the expense of introducing a small error, considering only a smaller set of the columns in matrix [ϕ], 

[0281] In order to identify which columns of [ϕ] should be considered to build the matrix [ϕr] it is necessary to take into
account the location of the expected perturbations. Perturbations arising at different points in the structure excite different
thermal modes. By knowing the location of the main perturbation sources, even if their particular behavior is unknown,
it is possible to know which thermal modes have more weight in the induced thermal response and, therefore, the matrix
can be reduced. Once the matrix [ϕ] has been reduced, the vector {τ} must also be reduced accordingly.
[0282] By mounting temperature sensors in the structure it is possible to measure some of the temperature values in
vector {δT}, this set of measurements is represented by {δTsensors}. Considering only the rows of matrix [ϕr] corresponding
to the sensor positions, it is possible to write 

[0283] By combining the expressions (56) and (57) temperature vector can be expressed according to expression (58): 

[0284] The entity [ϕrs] is not necessarily square matrix and thus, instead of calculating its inverse [ϕrs]-1 it might be
necessary to calculate a pseudoinverse thereof , for instance, the Moore-Penrose pseudoinverse.
[0285] With the presented procedure it is possible to obtain a reasonable estimation of the entire temperature field,
based on the assumption that it is described by only the most relevant thermal modes. The contribution of the remaining
modes is neglected and, therefore, an error is introduced.
[0286] This error can be partially reduced with the proper selection of the sensor locations. Based on the thermal
modes that are selected to construct the reduced matrix [ϕ], i.e. [ϕr], the sensors should be located at the vicinity of
those nodes where the selected thermal modes reach its maximum amplitude.
[0287] Thus, if the thermal excursions at one node induced by one particular thermal mode have a larger range, they
will be more easily detected by the sensor. If instead the sensors are located at those positions where the thermal mode
induces only an almost negligible thermal fluctuation, the thermal signal will not be properly measured due to the inherent
noise.
[0288] It must be taken into account that the noise in the sensor measurements is an additional source of errors. These
errors can be partially attenuated by implementing a filter to the obtained measurements. In the presented example it
is suggested to use a Kalman filter to this purpose, which combines the obtained measurements with the mathematical
model of the described system.

IV.2 Actuator strategy

[0289] One of the most relevant aspects related to the actuator strategy is to choose their location. There exist some
inherent constraints regarding their location due to the structural design. From the available positions where the actuators
can be mounted, it is possible to perform an optimization of a defined variable such as the required heat control power
or the global introduced distortions. This can be performed based on the thermomechanical functions.
[0290] First, the gain G of these functions for each node in the model can be evaluated at different frequencies by
calculating the norm of the transfer functions. The gain at one given frequency of the thermomechanical function that
expresses the displacement change δui at an ith node given a heat flux change δql at a lth surface can be calculated
according to expression (59) 
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and for the displacement change δui at an ith node given a heat flow change δQl at a lth source can be calculated according
to expression (60) 

[0291] These expressions can be evaluated for all the possible I heat source positions to identify the best or optimal
actuator positions for a given condition.
[0292] For instance, if the condition is to minimize the control power, the actuators should be situated at those locations
where the gain field described by the previous equations reaches maximum values. Thus, a given heat input would
translate into a maximum displacement change at the controlled node.
[0293] It is also possible to optimize for variables other than the control power. For instance, actuators can be located
at positions that minimize the overall distortion introduced at the structure due to the control effort.
[0294] In case there is only one actuator with δQ1 in the system, the overall distortion in the structure can be defined
according to expression (61) 

[0295] From all the possible positions where actuator 1 can be situated, it is possible to numerically check which one
provides the lowest value of f(δQ1), thus minimizing the global impact in the structure.
[0296] In addition to the foregoing description of the present invention, for an additional disclosure explicit reference
is taken to graphic representation of figures 1 to 16.

List of reference signs

[0297]

1 system, structure
2 FEM, model, grid model of the system, structure, apparatus
5 FEM element, element, grid element
6 hexahedron
7 node
10-1 1st device, instrument
10-2 2nd device, instrument
10-3 3rd device, instrument
10-4 4th device, instrument
20-1 1st heat source
20-2 2nd heat source
20-3 3rd heat source
25 energy/power supply unit
26 control and supply line
27 control unit
28 monitoring and control line
29 monitoring and control line
30 sensing means , temperature sensor
31 sensing means , mechanical and/or stress sensor
50 platform, support
51 upper side/surface
52 lower side/surface
60 bipod
100 system for actively thermomechanically controlling an apparatus 1
101 trace for conventionally/uncontrolled structure/system
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102 trace for structure/system 1 controlled according to the present invention
111 trace for heat source 20-1
112 trace for heat source 20-1
113 trace for heat source 20-1
115 trace of heat perturbation for device 10-1
121 trace
122 trace
123 trace
124 trace
125 trace
a reference point
A reference point
B reference point

P preliminary/preparatory phase
M deriving/constructing thermomechanical coupling model
R providing mechanical reference state
S (control) method according to the present invention
S1 determining a current thermal state of the apparatus 1
S1-1 acquiring thermal/temperature data
S2 determining a current mechanical state of the apparatus 1
S2-1 acquiring mechanical data
S2-1a acquiring mechanical data from thermomechanical coupling model
S2-1b acquiring mechanical data by measurement
S3 comparing the current mechanical state with mechanical reference state
S4 determining positions/amounts of heat
S5 adding and/or removing heat to/from the apparatus 1
S6 checking continuation condition

Claims

1. Method (S) for actively thermomechanically stabilizing an apparatus (1) which in particular is or comprises an
extraterrestrial or space-related manufacturing, measurement and/or experimental unit, the method comprising
steps of:

- determining (S1) a current thermal state of the apparatus (1),
- determining (S2) a current mechanical state of the apparatus (1),
- comparing (S3) said current mechanical state of the apparatus (1) with a predetermined mechanical reference
state of the apparatus (1),
- determining (S4) one or a plurality of positions on said apparatus (1) and/or amounts of heat to be added to
or to be removed from said apparatus (1) at said positions, and
- actively adding and/or removing (S5) said determined amounts of heat to or from the apparatus (1), respectively,
at said determined positions,

wherein said step of determining (S4) said positions and/or amounts of heat is

- performed such that said current mechanical state of the apparatus (1) remains in or returns to a predetermined
vicinity of said mechanical reference state of the apparatus (1) and is
- based

- on a result of said step of comparing (S3) and
- on a predetermined thermomechanical coupling model of the apparatus (1) being descriptive for a coupling
and/or a correspondence between a mechanical state and a thermal state of the apparatus (1).

2. Method (S) according to claim 1,
wherein said step of determining (S1) said current thermal state comprises
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- acquiring (S1-1) thermal data and in particular temperature data being representative for said current thermal
state and in particular
- using one or a plurality of temperature sensing means, temperature sensors (30) and/or infrared cameras, and

wherein in particular a number and/or positions of thermal or temperature data acquiring and/or sensing locations
on the apparatus (1) are determined from said thermomechanical coupling model, the evaluation of which being
based on already acquired thermal or temperature data.

3. Method (S) according to any one of the preceding claims, wherein

- said step of determining (S2) said current mechanical state comprises determining (S2-1) mechanical data and
- said mechanical data are representative for said current mechanical state and/or for positions and/or for
mechanical stress of one or a plurality of portions of the apparatus (1).

4. Method (S) according to any one of the preceding claims,
wherein said current mechanical state and its mechanical data are determined (S2-1)

- based (S2-1a) on said thermomechanical coupling model, the evaluation of which being based on already
acquired thermal, temperature and/or mechanical data and/or
- based (S2-1b) on measurements using one or a plurality (i) of position and/or stress sensing means (31) or
sensors mechanically coupled to the apparatus (1) and/or (ii) imaging means and image evaluation remote from
the apparatus (1), and

wherein in particular a number and/or positions of mechanical data acquiring and/or sensing locations on the ap-
paratus (1) are determined from said thermomechanical coupling model, the evaluation of which being based on
already acquired thermal, temperature and/or mechanical data.

5. Method (S) according to any one of the preceding claims,
wherein in said step of adding and/or removing (S5) said amounts of heat to or from the apparatus (1), respectively,
at one least heat source (20-1, ..., 20-3) is thermally coupled to a corresponding position at said apparatus (1) and
accordingly operated in order to add and/or remove the corresponding amount of heat to/from said position at least
by one of heat conduction and heat radiation coupling.

6. Method (S) according to any one of the preceding claims, wherein said thermomechanical coupling model is con-
figured in order

- to describe heat exchange within the apparatus (1) and/or between the apparatus (1) and its environment at
least through heat conduction and heat radiation and its temporal development as a temporarily developing
thermal state of the apparatus (1), and in particular
- to solve the heat transfer equation for the apparatus (1) based on nodes (7) for elements (5) of a FEM model
(2) of the apparatus (1) with the thus discretized heat transfer equation being solved (i) in a vicinity of a thermal
equilibrium state of the apparatus (1), (ii) for small thermal perturbations and/or (iii) in linearized, diagonalized
and Laplace transformed form in the frequency domain.

7. Method (S) according to claim 6, wherein based on said thermomechanical coupling model a first thermal transfer
function HTq between the temperature change δTi at an ith node (7) and the heat flux change δqk at a kth surface
(5, 6) according to expression (A) 

and a second thermal transfer function HTQ between the temperature change δTi at an ith node 7 and the heat flow
change δQk at a kth source (5, 6) according to expression (B) 
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are calculated and used, wherein

- the terms Ajk denote the values at cells j,k of a matrix [Φ]-1[Hq],
- the terms Bjk denote the value at cells j,k of a matrix [Φ]-1[HQ],
- nn denotes the number of nodes (7) of the underlying model,
- s is the Laplace frequency variable,
- the matrices [Φ]-1[Hq] and [Φ]-1[HQ] are formed by the diagonal Eigenvector matrix [Φ] in the discretized heat
transfer equation for the apparatus (1) having components Φij in the cell denoted by i, j,
- the matrices [Hq] and [HQ] are the matrices of coupling coefficients with respect to the heat flux changes δqk
and to the heat source changes δQk, respectively, in the discretized heat transfer equation for the apparatus
(1), and
- λj are the diagonal components of the diagonal Eigenvalue matrix λ in the discretized heat transfer equation
for the apparatus (1).

8. Method (S) according to any one of the preceding claims, wherein said thermomechanical coupling model is con-
figured in order

- to describe corresponding mechanical properties within the apparatus (1), in particular in terms of positions,
displacements and/or mechanical strains or stresses at distinct points and/or regions of the apparatus (1) and
its temporal development as a temporarily developing mechanical state of the apparatus (1), and in particular
- to solve the mechanical equation of motion for the apparatus (1) based on nodes (7) for elements (5) of a FEM
model (2) of the apparatus (1) with the thus discretized mechanical equation of motion being solved in diago-
nalized and Laplace transformed form in the frequency domain.

9. Method (S) according to claims 7 and 8, wherein based on said thermomechanical coupling model a first thermo-
mechanical transfer function Huq between the displacement change δui at an ith node (7) and the heat flux change
δql at a lth surface (5, 6) according to expression (C) 

and a second thermomechanical transfer function HuQ between the displacement change δui at an ith node (7) and
the heat flow change δQl at a lth source (5, 6) according to expression (D) 

are calculated and used, wherein additionally

- the terms Djk denote the values at cells j,k of a matrix [ψ]-1[FT] [Φ],
- the terms ξj denote the value at cells j,k of a matrix [Dd],
- the matrix [ψ]-1[FT] [Φ] is formed by the diagonal Eigenvector matrix [ψ] of the discretized equation of motion
of the apparatus (1) having components ψij in the cell denoted by i, j, and the diagonal Eigenvector matrix [Φ]
of the discretized thermal equation of the apparatus (1) having components Φij in the cell denoted by i, j,
- the matrix [FT] is the matrix of coefficients expressing the relation between temperature and force in the
discretized equation of motion of the apparatus (1),



EP 3 502 711 A1

28

5

10

15

20

25

30

35

40

45

50

55

- the matrix [Dd] is a diagonal matrix and describes the linear coupling to the Laplace frequency s in the Laplace
transformed discretized equation of motion of the apparatus (1), and
- γj are the diagonal components of the diagonal Eigenvalue matrix γ in the discretized equation of motion for
the apparatus (1).

10. Method (S) according to claim 9, wherein the number, the positions and/or the amounts of heat to be applied by a
plurality of heat sources (20-1, ..., 20-3) to be coupled to the underlying apparatus (1) is determined by evaluating
said first and second thermomechanical transfer functions, its normal or absolute value and/or within a closed
feedback loop.

11. Control unit (27) for a thermomechanical control system (100) and configured (i) in order to actively thermomechan-
ically control an apparatus (1) which in particular is or comprises an extraterrestrial or space-related manufacturing,
measurement and/or experimental unit and (ii) in order to carry out a method according to any one of claims 1 to 10.

12. Thermomechanical control system (100) configured to actively thermomechanically control an apparatus (1) which
in particular is or comprises an extraterrestrial or space-related manufacturing, measurement and/or experimental
unit, the system (100) comprising:

- one or a plurality of heat sources (20-1, ..., 20-3) or a coupling thereto,
- an energy supply unit (25) and
- a control unit (27) - in particular according to claim 11 - configured in order

- to control the operation of the heat sources (20-1, ..., 20-3) and/or of the energy supply unit (25) and/or
- to carry out and/or to be used in a method according to any one of claims 1 to 10.

13. Apparatus (1) and in particular extraterrestrial or space-related manufacturing, measurement and/or experimental
unit, comprising

- a support (50),
- at least one device (10-1, ..., 10-4) mechanically coupled to the support (50) and
- a thermomechanical control system (100) according to claim 12 and/or configured in order to thermomechan-
ically control the apparatus (1) by performing a method according to any one of claims 1 to 10.
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